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Background and purpose   Neurotization of denervated 
muscles has been shown to improve muscle bulk, but the 
neuronal regeneration response has not been compared 
previously in different surgical techniques of neurotiza-
tion. Thus, using a rat model of experimental skeletal 
muscle denervation, we studied neuronal regeneration 
following sensory neurotization by two methods: sen-
sory nerve to motor branch of muscle and direct sensory 
nerve implantation to muscle.
Material and methods   The lateral head of the gas-
trocnemius muscle was denervated in 36 rats, of which 
the ﬁrst 12 served as denervated controls. In the second 
group of 12, the sural nerve was anastomozed to the 
motor branch of the gastrocnemius muscle (sensory-to-
motor nerve neurotization) and in the remaining 12 rats 
the sural nerve was split into 4 fascicles and embedded 
into 4 quadrants of the muscle (direct sensory nerve-to-
muscle neurotization). Immunohistochemistry was used 
to examine nerve ﬁbers in muscle containing the sensory 
neuropeptides substance P (SP) and calcitonin gene-
related peptide (CGRP), and general neuronal marker 
protein gene product 9.5 (PGP 9.5). 
Results   Semiquantitative analysis showed that, com-
pared to the control side, the number of nerve ﬁbers on 
the experimental side was highest (p < 0.01) for group 
III (direct sensory nerve-to-muscle neurotization) for all 
3 markers. The difference was 71%, 298%, and 254% 
for PGP 9.5, CGRP, and SP, respectively.
Interpretation   This method may be a good option for 
inducing neuronal regeneration in denervated muscles, 
and has therapeutic implications for prevention of atro-
phy of denervated muscles and as an adjunct for recon-
struction of soft tissue defects. 
■
Neurotization was initially reported at the begin-
ning of the twentieth century, during World War I, 
when injuries and poliomyelitis resulted in limb 
paralysis for which no cure was available (Mayer 
1950). Application of this technique was limited 
because of a high failure rate. However, interest in 
this technique was rekindled in the middle of the 
twentieth century when good results were reported 
(Guth and Zalewski 1963).
In addition to conventional functions such as 
nociception and vasoregulation, the peripheral ner-
vous system is also implicated in tissue repair and 
regeneration. Speciﬁcally, various neurotransmit-
ters such as substance P (SP) and calcitonin gene-
related peptide (CGRP) have been implicated in 
cell proliferation, neovascularisation, and organo-
genesis (Haegerstrand et al. 1990, Fan et al. 1993, 
Dietz et al. 1996). Presumably sensory, motor, 
and autonomic neurotransmitters also participate 
in regeneration of soft tissue (nerve, muscle, and 
skin) following injury.
Clinically, irreparable nerve trauma is not 
uncommon, e.g. in segmental nerve loss, nerve 
root avulsion injuries, and trophic ulcers over pres-
sure areas due to peripheral neuropathy. Hypotheti-
cally, in such situations, if neuronal input from an 
alternative, intact spinal segment is provided to the 
distal portion of the injured nerve or end-organ, re-
innervation of the end-organ may occur if appro-
priate microenvironmental conditions for nerve 
regeneration are available.
 As for skeletal muscle, denervation due to nerve 
injury or surgical division (e.g. for free muscle 
transfer) leads to muscle atrophy, as evidenced by 
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a reduction in the number and size of muscle ﬁbers, 
with preservation of residual connective tissue. In 
such situations, provision of the nerve supply may 
prevent muscle atrophy. Notably, neurotrophic fac-
tors have been shown to modulate muscle matu-
ration and development (Ecob 1983, Kakulas and 
Adams 1985).
In this project, we studied the response of neu-
ronal regeneration in denervated skeletal muscles 
following sensory neurotization of muscle by 
either sensory nerve to motor branch of muscle, or 
by direct sensory nerve implantation to muscle.
Material and methods
Animal experiments
36 male Sprague Dawley rats (weight ~ 300 g) 
were allocated into three groups of 12 rats each. 
Animal experiments were performed after insti-
tutional approval from the University Research 
Council, according to guidelines from the Ethics 
Committee for Research on Animals (ECRA) at 
Aga Khan University, Karachi. Under anesthesia 
with Ketamine (30 mg/kg intraperitoneally), the 
lateral head of the gastrocnemius muscle (GM) in 
the right distal thigh was exposed through a dorsal 
incision. The motor branch to the lateral head of 
the GM (branch of the tibial nerve) and the sural 
nerve were identiﬁed.
In group I (the denervation control group), a 
7–8-mm segment of the motor branch was excised 
and the proximal end was ligated.
In group II (sensory-to-motor neurotization), a 
7–8-mm segment of the motor branch was excised 
with ligation of the proximal end. The distal stump 
of this motor branch to the GM was anastomozed 
with the proximal stump of the sural nerve using a 
10/0 prolene suture under 4.5× loupe magniﬁcation.
In group III (direct sensory nerve-to-muscle neu-
rotization), a 7–8-mm segment of the motor branch 
was excised and the proximal end was ligated. The 
sural nerve was split into 4 fascicles and embedded 
into 4 arbitrarily divided quadrants of the lateral 
head of the GM using a 10/0 prolene suture under 
4.5× loupe magniﬁcation (Figure 1).
In vivo perfusion-ﬁxation of rats was performed 
under ketamine anesthesia after 12 weeks. This 
was done through the ascending aorta using Zam-
boni’s solution (Zamboni and De Martino 1967), 
following 0.01 M phosphate buffered saline (PBS), 
pH 7.2. Both the right and left lateral heads of the 
GM were harvested in all groups. In group II the 
right lateral head was harvested along with the 
sural nerve, which was anastomozed to the motor 
branch of the GM. In group III, the sural nerve fas-
cicles embedded in the GM were harvested along 
with the gastrocnemius muscles.
The harvested tissues were immersed in Zam-
boni’s solution for 24 h at 4°C, then transferred 
to 20% sucrose in 0.1 M Sörenson phosphate 
buffer, pH 7.2, containing sodium azide, for two 
days before embedding for immunohistochemical 
analysis.
Immunohistochemistry
Samples were embedded in Tissue-tek OCT com-
pound (Miles Inc., Elkhart, IN). 12-µm sections 
were cut on a cryostat (CM 3050 S; Leica Micro-
systems, Nussloch, Beirsheim, Germany), frozen 
sections were mounted directly on gelatin-coated 
(Merck, Darmstadt, Germany) glass slides (Super-
Frost, Shandon, Germany) and stained by the 
indirect immunoﬂuorescence technique using the 
avidin-biotin complex method. Sections were incu-
bated with 10% normal goat serum in PBS, then 
with primary rabbit antibodies to SP (1:5,000), 
CGRP (1:5,000) (Peninsula Laboratories Europe 
Ltd., St. Helens, UK), or to a general neuronal 
marker of mature nerve ﬁbers, protein gene-prod-
uct (PGP) 9.5 (1:5,000) (Ultraclone, Cambridge, 
Figure 1. Intraoperative photograph of the right leg of a 
rat from group III showing the sural nerve (black arrow) 
split into 4 fascicles (white arrows) and embedded into 4 
arbitrarily divided quadrants of the lateral head of the gas-
trocnemius muscle (GM).
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UK) overnight in a humid atmosphere at 4°C. 
Sections were then incubated at room temperature 
for 30 min with biotinylated polyclonal goat anti-
rabbit antibodies (1:250) (Vector Laboratories Inc., 
Burlingham, CA), then with streptavidin-labeled 
ﬂuorochrome Cy3 (1:5000) (Amersham Pharma-
cia Biotech Ltd., UK) followed by mounting. To 
demonstrate speciﬁcity, omission of primary and/
or secondary antibodies, and pre-adsorption of the 
primary antiserum with an excess of homologous 
antigen were done.
For microscopy, an epiﬂuorescence microscope 
(Eclipse E800; Nikon, Yokohama, Japan) with a G-
2A (EX-510–560) ﬂuorescence ﬁlter, 20× objec-
tive, and DXM-1200 digital camera with the ACT-
1 software supplied by Nikon were used.
Semiquantitative image analysis
Manual semiquantitative analysis of nerve ﬁber den-
sity on digital images was performed in a blinded 
manner; the raters were not aware of the group 
allocations. Care was taken to conﬁrm examination 
of nerve ﬁbers in the superﬁcial and deep layers of 
muscles, avoiding the surrounding loose connective 
tissue. Mean nerve ﬁber density for each muscle 
was calculated by averaging the number of nerve 
ﬁbers per high-power ﬁeld (20×) from 3 ﬁelds each, 
in 2 sections from each sample. 
Statistics
Median and 95% conﬁdence intervals (CIs) were 
used as measures of central tendency and varia-
tion, respectively. The signiﬁcance of differences 
between the experimental and control sides was 
tested using the Wilcoxon signed rank test, and 
between groups using the Mann-Whitney U test. A 
p-value of ≤ 0.05 was considered signiﬁcant.
Results
Clinical and macroscopic ﬁndings
There were no intraoperative deaths. There was 
no self-mutilation and all wounds healed unevent-
fully. No signs of discomfort were observed. One 
rat each in groups I and II died during the 12-week 
postoperative period.
The muscles that were denervated (group I), 
appeared atrophic with thin bulk. They were pale 
and ﬁbrotic, while muscles in group II (sensory 
to motor neurotization) had preservation of some 
bulk and color. The muscles with direct sensory 
nerve-to-muscle neurotization (group III) retained 
good bulk and appearance as compared to the other 
two groups. 
Immunohistochemistry
By immunohistochemistry, nerve ﬁbers that were 
immunoreactive to SP, CGRP, and PGP 9.5 were 
seen in muscle sections of specimens in all 3 
groups (Figure 2).
CGRP. These nerve ﬁbers were identiﬁed both in 
superﬁcial and deep layers of the muscle sections 
in all 3 groups. They were mainly present as thin, 
varicose nerve terminals in the muscle membranes, 
which were present around blood vessels in the 
deeper layers.
PGP 9.5. These were the most abundant nerve 
ﬁbers of all three groups. They were seen in nerve 
bundles as well as in free nerve endings. Abundant 
ﬁbers were seen as networks in the walls of blood 
vessels. 
SP. These nerve ﬁbers occurred mainly as thin, 
varicose, nonvascular nerve terminals in the muscle 
sections.
Semiquantitative image analysis of nerve ﬁber 
density (Table)
The number of positive nerve ﬁbers on the experi-
mental side compared to controls was highest for 
group III (direct sensory nerve-to-muscle neuro-
tization) for all 3 markers (p < 0.01 for all). The 
difference was 71%, 298%, and 254% for PGP 
9.5, CGRP, and SP, respectively.
For group II (where the sural nerve was anasto-
mozed to the motor branch of the gastrocnemius 
muscle), a signiﬁcant difference between the exper-
imental and control sides was observed—though 
less marked than for group III.
In group I (denervation), there was no statisti-
cally signiﬁcant difference between the control 
and experimental sides for SP, though a marginally 
signiﬁcant increase was observed for PGP 9.5 and 
CGRP.
Notably, there was no statistically signiﬁcant dif-
ference in nerve ﬁber density on the control side for 
the three groups, irrespective of the nerve marker 
used. This attests to the validity of the analyses.
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Discussion
We found that following nerve transection, maxi-
mal density of nerve ﬁbers in muscles occurs after 
direct sensory nerve-to-muscle neurotization. 
Presumably, establishment of a source of sen-
Figure 2. Fluorescence photomicrographs of sections from gastrocnemius muscles immunohistochemically stained for 
neuronal markers and labeled with ﬂuorochrome Cy3. CGRP-positive nerve ﬁbers in control (A) and experimental (B) 
sides in group I; PGP 9.5-positive nerve ﬁbers in experimental side in group II (C), and SP-positive nerve ﬁbers in experi-
mental side in group III (D). Arrows indicate nerve ﬁbers. Bar represents 50 µm.
Semiquantitative image analysis of digital microscopic images. Numbers indicate median number of positively 
stained nerve ﬁbers per high-power (20×) ﬁeld (95% conﬁdence interval)
 Control Experimental Difference (%) P-value a
Group 1 PGP 9.5 3.6 (3.1–4.2) 4.3 (3.4–5.3) 17 0.05
Denervation CGRP 1.8 (1.1–2.5) 2.5 (1.7–4.0) 43 0.05
  SP 1.1 (0.3–1.6) 1.5 (0.6–1.7) 33 0.4
Group 2 PGP 9.5 4.3 (3.5–5.7) 6.6 (5.6–9.2) 56 < 0.01
Direct sensory to motor CGRP 2.0 (1.4–2.9) 5.3 (4.7–6.5) 163 < 0.01
neurotization SP 1.4 (0.7–1.8) 3.1 (1.9–4.3) 127 0.05
Group 3 PGP 9.5 4.4 (3.7–5.0) 7.5 (5.7–10.4) b 71 < 0.01
Direct sensory nerve to CGRP 2.1 (1.9–3.1) 8.2 (6.0–10.2) b 298 < 0.01
muscle neurotization SP 1.4 (0.7–1.8) 4.9 (3.3–7.2) b 254 < 0.01
a Probability (p-value) according to Wilcoxon signed rank test for signiﬁcance of difference between experimental and 
   control sides.
b p ≤ 0.01 by Mann-Whitney U test, on comparison with group 2.
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sory neuropeptides to the muscle is superior with 
this technique than with sensory nerve to motor 
nerve neurotization. Such re-innervation—owing 
to the trophic effects of locally released neuronal 
mediators—probably underlies the maintenance 
of muscle mass that we observed. It has been sug-
gested that neurally released acetylcholine or of 
another yet unidentiﬁed neurohormone may act as 
a neuromuscular trophic agent, reducing muscle 
atrophy and ﬁbrosis by suppressing muscle col-
lagen biosynthesis and by reduction of lysosomal 
proteolysis (Zalewski 1970, Ip et al. 1977, Jaku-
biec-Puka and Drabikowski 1978, Frey 1979, Bre-
solin et al. 1984, Tischler et al. 1990, Jakubiec-
Puka 1992, Virtanen et al. 1992).
As motor nerves are rarely purely motor, like-
wise, sensory nerves may not be purely sensory. 
Histologically, a cutaneous sensory nerve contains 
sympathetic ﬁbers to sweat glands and efferents to 
the arrectores pilorum muscles. Moreover, studies 
have shown that sensory axons can also release 
acetylcholine (Falempin et al. 1989). Fusimotor 
neurons in extensively denervated muscles have 
been observed to sprout and innervate extrafusal 
ﬁbers (Einsiedel et al. 1992). Thus, a sensory nerve, 
with some ﬁbers resembling motor nerves, may be 
capable of preserving a degree of muscle bulk in a 
muscle ﬂap with no other physical stimulation.
Generally, it is assumed that the motor nerve 
is solely responsible for contractility and tro-
phic maintenance of muscle. Zalweski (1970) 
showed that re-innervation by either sensory or 
sympathetic neurons could not preserve muscle 
mass or contractility. On the other hand, using a 
rat muscle transplant model, Dautel et al. (1992) 
reported that sensory re-innervation retarded atro-
phy as signiﬁcantly as motor re-innervation. Also 
using a rat model, Zhang and colleagues (1997) 
showed experimentally that sensory re-innervation 
in transplanted muscle can preserve as much ﬂap 
bulk as motor re-innervation. In addition, Chang 
et al. (1986) reported development of sensation 
in muscle ﬂaps re-innervated by local sensory 
nerves. 
The rejuvenated interest in sensory re-innerva-
tion followed studies of muscle innervation that 
demonstrated that a motor nerve can contain 30% 
to 55% sensory ﬁbers (Boyd and Smith 1984, 
Schaafsma et al. 1991). These sensory ﬁbers are 
traditionally thought to innervate mainly the intra-
fusal muscle spindles and Golgi tendon organs, 
and not the motor endplates. However, a previous 
histological study (Chang et al. 1986) on sensory 
re-innervation following denervation of muscle 
has shown that such sensory nerve ﬁbers may form 
many net-like endings and branch in a stellate 
manner within the muscle, possibly even reach-
ing motor endplates. Clinically, feet reconstructed 
with skin-grafted free-muscle transfers have been 
known to recover crude sensation in the ﬂaps when 
the ﬂap motor nerve has been neurotized with a 
local cutaneous sensory nerve (Chang et al. 1986).
In our experimental study, we simulated the 
clinical situation of muscle denervation and the 
scenario of sensory neurotization, both through 
sensory to motor neurorrhaphy and direct sensory 
nerve-to-muscle neurotization, and then evaluated 
nerve regeneration. Studies on the efﬁcacy of this 
technique are still being carried out; thus, it is not 
a widely prescribed treatment yet (Keilhoff and 
Fansa 2005). 
Brunelli and Monini (1985) and Brunelli and 
Brunelli (1998) addressed the question of whether 
new motor end-plates are generated following the 
ingrowth of axons into a denervated muscle. In 
rabbits, they grafted the motor branch of the pero-
neal nerve into the “aneural” zone of the lateral 
head of the gastrocnemius muscle, where, under 
physiological conditions, no motor end-plates are 
detectable. 4 weeks postoperatively, when motor 
function had recovered, motor end-plates were 
found in histological sections (Brunelli and Monini 
1985). Subsequently, they applied this technique 
to clinical cases with good results (Brunelli and 
Brunelli 1998). Earlier studies have reported 
return of function after neurotization of dener-
vated muscles as well as histological evidence of 
new motor end-plate formation in aneural zones of 
the muscle (Brunelli 1989, Chiu et al. 1991). By 
implanting tibial nerve into the soleus muscle of 
rats proximally and distally, Payne and Brushart 
(1997) showed that new motor end-plates can form 
in the region of axonal ingrowth into a denervated 
muscle. There has been experimental evidence 
showing that new end-plates do indeed form in 
the vicinity of growing axons (Korneliussen and 
Sommerschild 1976, Payne and Brushart 1997, 
Brunelli and Brunelli 1998). The increased sensi-
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tivity of denervated muscle to cholinesterase is one 
possible contributory factor to this phenomenon 
(Guth and Zalewski 1963). Zhang et al. (1997) 
experimentally compared muscle weight follow-
ing conventional nerve-to-nerve grafting in free 
muscle ﬂaps and found no signiﬁcant improvement 
in muscle weight. However, after direct nerve-to-
muscle re-innervation (motor and sensory), there 
was a signiﬁcant improvement in muscle weight. 
No functional or histochemical evaluation was per-
formed (Zhang et al. 1997).
When the surgical technique of direct muscular 
neurotization was modiﬁed to ensure widespread 
distribution of motor axons throughout the dener-
vated muscle, good motor function was restored 
in 10 clinical cases (Brunelli and Monini 1985, 
Brunelli 1989, Brunelli and Brunelli 1998). Sakel-
larides et al. (1972) achieved a highly consistent 
level of 60–75% of original muscle function in a 
dog by dividing the donor nerve into 2 or 3 fas-
cicles prior to implantation. Becker et al. (2002) 
reported on a series of 10 patients in whom the 
supplying motor nerve had been lost at the level 
of the neuromuscular junction, as a result of 
trauma or tumor resection. They used sural nerve 
grafts with a modiﬁed technique. The distal end 
of each segment was microsurgically dissected 
to separate the fascicles in a proximal direction, 
thus constituting additional sources of neurotiza-
tion. After coaptation of the nerve grafts to the 
proximal nerve stump, the distal branches of the 
grafts were evenly distributed throughout the 
muscle tissue. Tunnels were created by blunt dis-
section along the axis of the muscle ﬁbers, and the 
grafts were inserted far enough into these tunnels 
that all nerve stumps were located intramuscu-
larly. This was done to simulate terminal branch-
ing of motor nerves entering skeletal muscle. The 
authors reported a mean motor recovery to M4 
after a period of 1–2 years. This corroborates our 
ﬁndings, where higher levels of PGP 9.5, SP, and 
CGRP were seen in group III. 
In clinical situations, where no distal nerve stump 
is available for neural coaptation and there is loss 
of the distal stump of a motor nerve or the nerve 
is avulsed from the muscle belly, intramuscular 
neurotization provides a good option for recon-
struction. In certain cases, the nerve may still be 
present in the vicinity of the neuromuscular junc-
tion, although having undergone ﬁbrotic degenera-
tion as a result of partial avulsion. Reconstruction 
requires the ingrowth of axons into denervated 
muscle and formation of new neuromuscular junc-
tions. Insertion of peripheral nerves into a skeletal 
muscle results in the re-establishment of a certain 
number of neuromuscular junctions, as demon-
strated by several other authors (Saito and Zacks 
1969, Brunelli and Monini 1985, McNamara et al. 
1987, Mackinnon et al. 1993, Brunelli and Brunelli 
1998, Park et al. 2000). In view of the anatomi-
cal structure of the neuromuscular junction with 
extensive branching of the nerve endings, our aim 
in group III was to establish a maximum number 
of neuromatous stumps within the muscle tissue. 
Thus, the sural nerve was divided into 4 fascicles 
and each was embedded into 1 of 4 quadrants of 
the GM. The achievement of the highest levels of 
the neuronal markers in this group thus validates 
the procedure. On the other hand, presence of the 
neuronal markers in the denervated group (group 
I), albeit at the lowest levels, indicates that collat-
eral sprouting may play a role in muscle re-inner-
vation in that group.
In addition to surgical technique, the ﬁnal out-
come in terms of function depends on a number 
of other factors, including the quality of the donor 
nerve, the age of the patient, the size of the nerve 
defect (regenerative distance), the quality and 
quantity of remaining muscle mass, and the time 
interval between trauma and reconstruction (Mil-
lesi 1987). Furthermore, because Schwann cell 
transplantation increases the number of neuromus-
cular junctions and thereby improves functional 
recovery of muscle, these cells may have potential 
as a cell therapy in addition to other nerve growth 
factors, to promote nerve regeneration and re-
innervation of muscle (Fukuda et al. 2005).
In summary, direct insertion of nerves into 
muscle appears to be a reliable reconstructive 
option for denervated muscles. For optimal out-
come, certain preconditions need to be met, includ-
ing short regeneration distance (permitting direct 
implantation of the donor nerve into muscle), short 
period of denervation, healthy donor nerves, and a 
surgical technique that ensures a wide distribution 
of ﬁbers in the muscle.
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